Abstract β bc -Nickel hydroxide exhibit non-uniform broadening reflections in their PXRD pattern due to the presence of structural disorder. β bc -Nickel hydroxide electrodes with smaller crystallite size and structural disorder reversibly exchanges 0.9e/Ni. Co/Zn/Ca/Cd-substituted β bc -nickel hydroxide samples also display nonuniform broadening of reflections in their powder X-ray diffraction patterns with smaller crystallite size and exchanges 0.7-0.8e/Ni. Hydrothermal treatment of β bcnickel hydroxide slurry at 170°C results in an ordering of reflections in their powder X-ray diffraction pattern with an increased crystallite size. Crystalline β-nickel hydroxide electrode reversibly exchanges 0.3-0.4e/Ni. Hydrothermaltreated Co/Zn/Ca/Cd-substituted β bc -nickel hydroxide slurries at 170°C display sharp reflections with similar crystallite size and electrochemical activities as that of crystalline β-nickel hydroxide. This clearly demonstrates that partial substitution of Co/Zn/Ca/Cd in the nickel hydroxide matrix does not show any dramatic improvement in their electrochemical activity at 25-30°C. Structural disordered material with smaller crystallite size delivers electrochemical activity close to theoretical capacity.
Introduction
Nickel hydroxide has drawn considerable attention of material chemists and battery technologists due to its functional use as a positive electrode material in all nickel-based alkaline secondary cells [1] . Depending on the preparative conditions under which the crystallization of nickel hydroxide from a solution is brought about, it can exist in polymorphic modifications, i.e., α and β. In addition to these two phases, badly crystalline phase of β-nickel hydroxide known as β bc (bc, badly crystalline) nickel hydroxide has also been reported [2] . The polymorphic modifications of nickel hydroxide differ from one other in their structure, composition, and morphological features. All these phases derive their structure from brucite mineral [Mg(OH) 2 ]. The structure of brucite comprises of hexagonal close packing of hydroxyl ions in which every alternate layers of octahedral sites are occupied by the divalent Ni 2+ ions resulting in the stacking of charge neutral layers [3] . The interplanar spacing for β-phase is 4.6 Å, and α-phase is 7.6 Å. Water molecules and anions present in the interlamellar gallery of α-phase results in an increase in the d-spacings.
Bode and coworkers have reported two redox couples β/ β couple and α/γ couple for the two different phases of nickel hydroxide [4] . The β/β couple in nickel hydroxide can be written as
crystallinity, high tap density, and high moisture content [5] [6] [7] [8] . In addition to these factors, crystallographic faults such as stacking faults [9] and structural disorder [10] are also known to contribute to higher active material utilization, close to theoretical value. Several authors have reported that the active material utilization is better in substituted nickel hydroxide compared to unsubstituted nickel hydroxide samples. They use Co(OH) 2 /Zn(OH) 2 /Ca(OH) 2 / Cd(OH) 2 during the material synthesis and electrode fabrication to improve the electrochemical performance and to overcome the incomplete discharge process [11] [12] [13] . Substituted nickel hydroxide samples are known to alter the conductivity [14] and the oxygen evolution potential, thereby enhancing the better active material utilization during the discharge process [15] . Oshitani et al. and Tarascon et al. have extensively studied the effect of cobalt on the electrochemical performance and optimized the conditions where material delivers >1e − exchange [16, 17] . Substituted nickel hydroxides are known to deliver better electrochemical performance at higher temperatures compared to that at 25-30°C [18] . Some of the limitations in these studies are (1) the usage of commercial grade β-phase of nickel hydroxide in which the exact preparation conditions are not clearly known [19] ; (2) the active material, by default, contains small percentages of zinc and cobalt, which in principle can affect the crystal structure as well as the electrochemical activity [20] ; (3) powder diffraction pattern for these samples are not reported, which could have provided better insight into the electrochemical activity of these materials, whether it is actually due to the effect of additive/substituents or due to the presence of structural disorder and crystallite size effects [21] . Oshitani et al. [22] have also used lanthanum oxides as additives in nickel hydroxide and studied their charge-discharge process.
In most of the studies, the question remains unanswered; i.e., is it possible to significantly alter the electrochemical properties of the β-phase of nickel hydroxide by partial substitution of nickel by cobalt/zinc/calcium/cadmium? To the best of our knowledge there are no reports correlating the effect of precipitation conditions on the crystallite size effects and the line broadening of non-(hk0) reflections of substituted nickel hydroxide and its role on the electrochemical performance. In this paper, we report that the reversible discharge capacity of β bc -nickel hydroxide samples is associated with small crystallite size and structural disorder and not due the effect of substituents at 25-30°C. β bc -Nickel hydroxide with small crystallite size (30×245 Å) delivers 0.9e/Ni, while substituted β bc -nickel hydroxides having similar crystallite sizes also deliver close to 0.7-0.8e exchange. Highly ordered crystalline β-nickel hydroxide with crystallite size (674×458 Å) delivers 0.4e/ Ni, while crystalline phases of cobalt/zinc/calcium/cadmium-substituted β-nickel hydroxide samples prepared by hydrothermal treatment of the slurries at 170°C (crystallite size-528×679 Å) delivers 0.4e/Ni with no improvement in their electrochemical activities. This clearly indicates that better electrochemical activity is associated to small crystallite size of a structural disordered material.
Experimental section

Synthesis
Nickel hydroxide was prepared by the addition of nickel nitrate solution (50 ml, 1 M) to NaOH (100 ml, 2 M) at 80°C under constant stirring [6] . The obtained green slurry was divided into two parts: One part of the slurry was aged in mother liquor at 65°C for 18 h to obtain the badly crystalline β bc -nickel hydroxide, and the other part of the slurry was hydrothermally treated (170°C for 18 h; 50% filling) to obtain highly ordered crystalline phase of β-nickel hydroxide with improved crystal growth.
Substituted nickel hydroxide samples were prepared by the addition of mixed metal nitrate solutions [Ni(NO 3 ) 2 and M(NO 3 ) 2 , where M = Co, Zn, Cd, and Ca; mole ratio, 0.95:0.05, 0.90:0.1, 0.85:0.15, and 0.8:0.2] to NaOH (100 ml, 2 M) at 80°C under constant stirring. The green slurry obtained was divided into two parts: One part of the slurry was aged in mother liquor at 65°C for 18 h to obtain the substituted β bc -nickel hydroxides, and the other part of the slurry was hydrothermally treated at 170°C for 18 h (50% filling) to obtain highly ordered substituted crystalline β-nickel hydroxide samples. The products were washed with distilled water till free of alkali and dried at 65°C to constant weight.
Characterization
The samples were characterized by X-ray powder diffraction using a Siemens D5005 powder X-ray diffractometer; data was collected with a Cu Kα source (Ni filter, λ= 1.541 Å) and infrared spectroscopy (Nicolet Impact 400D FTIR spectrometer, KBr pellets, 4 cm −1 resolution).
Isothermal weight loss studies were carried out by decomposing the sample at 800°C for 2 h. Reversible moisture content was estimated as described elsewhere [8] , and the elemental analysis was carried out using energy-dispersive X-ray analysis. The chemical composition, total weight loss, and reversible moisture content of all the samples are given in Tables 1 and 2 within 1 wt% error. Crystallite size of all nickel hydroxide samples was estimated using the Scherrer formula. Crystallite thickness was calculated from (001) reflection, while disc diameter from (110) reflection. In Table 3 are given the values of crystallite size. Table 4 gives the full width at half maxima (FWHM±0.1°2θ) values of all the reflections of nickel hydroxide samples.
PXRD simulation studies
The PXRD patterns of β bc -nickel hydroxide obtained at 80°C and crystalline β-nickel hydroxide prepared at 170°C were simulated using DIFFaX code, and the details are reported elsewhere [23] .
Electrochemical studies
The charge-discharge studies of all the electrodes were carried out by mixing the active material, graphite powder, and polytetrafluoroethylene suspension (33%) in the weight ratio of 0.6:0.3:0.1 and thoroughly ground to a paste-like consistency. This paste was pressed onto nickel foam (2.9× 2.3 cm) at a pressure of 90-120 kg cm −2 at 25-30°C. The electrodes were dried at 65°C to constant weight and then soaked in 6 M KOH solution for 24 h and galvanostatically charged to 120% of the theoretical capacity of the active material. Nickel plate counters were used for cycling, and all potentials were measured using a Hg/HgO/OH − (6 M KOH) reference. The electrodes were discharged at approximately C/2 rate to a cutoff voltage of 0 V at 28-30°C. Discharge capacities were normalized with respect to the weight of the active material. To study the oxygen evolution potentials and the half discharge potentials, the electrodes were charged at C rate and discharged at C/2 rate. Two electrodes of each sample were cycled for reproducible behavior.
Results and discussion Figure 1a shows the PXRD pattern of nickel hydroxide prepared by using strong alkali at 80°C. We have examined the factors that can affect the reflections in the PXRD patterns of nickel hydroxide samples, and they are listed as follows:
1. Particle size [5] 2. Cation vacancies [24, 25] 3. Stacking faults [26] 4. Turbostraticity [27] 5. Interstratification [28] 6. Disorder in the arrangement of the intercalated species [29] .
The reflections in the PXRD pattern of Fig. 1a exhibit excessive and nonuniform broadening of non-(hk0) reflections designated as β bc -nickel hydroxide. In Fig. 1b is shown the PXRD pattern of nickel hydroxide obtained by hydrothermal treatment of nickel hydroxide slurry at 170°C denoted as crystalline β-nickel hydroxide. The peak positions of all the Bragg reflections appear at similar d values in both the samples. Interstratification is an intergrowth of α-phase in β-nickel hydroxide. The presence of a small percent of α-phase in β-nickel hydroxide contributes to the broadening non-(hk0) reflections in the PXRD pattern, resulting in disorder. When structural disorder gets incorporated in nickel hydroxide, bonding and the local coordination around the Ni 2+ ion changes. Interstratification and cation vacancies mainly affect the composition as well as the coordination shell of nickel hydroxide. The composition and first coordination shell of β-nickel hydroxide is Ni(OH) 6 , where as for α-nickel hydroxide, it is Ni(OH) 6 
Coordinatively, unsaturated β bc -nickel hydroxide phase assists in diffusion of protons, thereby enhancing conductivity of the material. Cation vacancies also changes the composition and coordination of nickel hydroxide from Ni (OH) 6 to [Ni 1−x′x (OH) 6−2x (H 2 O) 2x ]. Broadening of (h0ℓ ) reflections in the PXRD pattern of nickel hydroxide has been attributed to the presence of stacking faults. There are two types of stacking faults (growth faults and deformation faults) reported to be present in nickel hydroxide [26] . Using Bookin and Drits notation [30] , we have also classified different types of stacking faults and observed that each type of stacking faults will significantly affect the peak shape of (h0ℓ ) reflections in nickel hydroxide. Generally, nickel hydroxide occurs in 1H polytype. The effect of 2H 1 , 2H 2 , 2H 3 , 3R 1 , and 3R 2 type of stacking faults in 1H polytype of nickel hydroxide has been extensively studied. The presence of 2H 2 type of stacking faults in 1H polytype generates broad wings at the base and rises sharply as it approached maximum for (101) and (102) reflections, while incorporation of 3R 2 type of stacking faults in 1H polytype drastically affects (102) reflection.
The FWHM values of all the peaks are listed in Table 4 . In our earlier report, we have shown that the excessive and non-uniform broadening arises due to the presence of structural disorder [10] . To justify our hypothesis, we have simulated the PXRD pattern of β bc -nickel hydroxide by combining 23% interstratification, 20% 3R 2 type of stacking faults, and 17% cation vacancies using DIFFaX code. The simulated PXRD pattern of β bc -nickel hydroxide is shown in Fig. 1 (as open circle with an R wp value of 11.8%). Figure 1b shows the PXRD pattern of an ordered β-nickel hydroxide obtained on hydrothermal treatment of nickel hydroxide slurries at 170°C. Open circles in Fig. 1b shows the simulated PXRD pattern of ordered β-nickel hydroxide with 4% 2H 2 type of stacking faults and 3% cation vacancies with R wp value of 10.2%.
The electrochemical behaviour of β bc -nickel hydroxide with smaller crystallite size (30×254 Å) and structural disorder differs from those of ordered crystalline β-nickel hydroxide with larger crystallite size (674×458 Å) with low percentages of structural disorder. In Fig. 2a, i and ii, are shown the cycle life data of β bc -nickel hydroxide and crystalline β-nickel hydroxide nickel hydroxide, respectively. It is clearly evident that β bc -nickel hydroxide with small crystallite size reversibly exchanges approximately close to 0.9e/Ni, while β-nickel hydroxide with larger crystallite size exchanges only 0.4e/Ni (see Table 3 ).
We thought it would be interesting to investigate the electrochemical activities of substituted nickel hydroxide samples prepared under the same preparative conditions as that of β bc -nickel hydroxide, expecting a dramatic increase in its electrochemical performance as it is reported in the literature [11] [12] [13] [14] [15] [16] [17] [18] . It would be ideal to compare the effect of substitution in nickel hydroxide with similar crystallite sizes. Table 3 gives the values of crystallite size of all substituted nickel hydroxide samples.
Cobalt-substituted β bc -nickel hydroxide Cobalt-substituted β bc -nickel hydroxides was prepared by the addition of mixed metal nitrates solutions [Ni(NO 3 ) 2 and Co(NO 3 ) 2 : mole ratios, 0.95:0.05, 0.90:0.1, and 0.8:0.2] to strong alkali at high pH>13 (80°C). The actual chemical compositions of cobalt-substituted β bc -nickel hydroxides are given in Table 1 . Pourbaix diagram indicates that coprecipitation of mixed metal salts with an appropriate mole ratio at a particular pH will not have the same mole ratio in the final product obtained. Figure 3 shows the PXRD patterns of 6, 12, and 26 mol% (expected were 5, 10, and 20 mol% Co). The PXRD patterns of cobalt-substituted β bc -nickel hydroxides display non- uniform broadening of non-(hk0) reflections similar to β bcnickel hydroxide (see Fig. 1a ). Partial substitution of cobalt in β bc -nickel hydroxide does not significantly affect the crystallinity and the broadening of non-(hk0) reflections in their PXRD patterns. In Tables 3 and 4 are given the crystallite size and FWHM values of all the reflections of cobalt-substituted β bc -nickel hydroxide samples, respectively. The crystallite sizes of β bc -nickel hydroxide and cobaltsubstituted β bc -nickel hydroxides are almost comparable. The beneficial effects of cobalt substitution are manifold: (1) It enhances the conductivity providing better chargeability for nickel hydroxide; (2) it lowers the oxygen evolution potential. There are reports that substitution of 8.5 mol% cobalt in nickel hydroxide shows dramatic improvement in the electrochemical property [17] . 3.7+ redox couple during the charge-discharge process can also contribute to the charge storage capacity of nickel hydroxide, thereby misleading it to the enhancement in the electrochemical activity of nickel hydroxide [31] . Earlier work from our laboratory have shown that layered double hydroxide
The above factors are responsible for delivering >1e exchange in cobalt-substituted nickel hydroxides and nickel hydroxides with cobalt as additive, thereby misleading it to the effect of cobalt contribution to the enhancement in the electrochemical activity of nickel hydroxide [33] . Even though substitution of cobalt in β bc -nickel hydroxide does not affect the crystallite size and the reflections in their PXRD pattern significantly, we expected that cobalt could still contribute to the electrochemical property of the material based on the literature reports. Figure 2b , i-iii, shows the cycle life data of 6, 12, and 26 mol% cobalt-substituted β bcnickel hydroxide electrodes. We expected a drastic change in the electrochemical performance of cobalt-substituted nickel hydroxide, but the results shows that it exchanges 0.65-0.7e/ Ni, which is slightly lower than that of β bc -nickel hydroxide. The results clearly indicate when the crystallite sizes are similar; substitution of cobalt into nickel hydroxide matrix does not enhance the electrochemical performance of β bcnickel hydroxide electrode.
Zinc-substituted β bc -nickel hydroxide Zinc-substituted β bc -nickel hydroxides was prepared by the addition of mixed metal nitrates solutions [Ni(NO 3 ) 2 and Zn(NO 3 ) 2 : mole ratios, 0.85:0.15 and 0.8:0.2] to strong alkali at high pH> 13 (80°C). The actual chemical compositions of zinc-substituted β bc -nickel hydroxides are given in Table 1 . Figure 4 shows the PXRD patterns of 15 and 18 mol% (expected 15 and 20 mol%) zinc-substituted β bc -nickel hydroxide. Tables 3 and 4 show the crystallite size and the FWHM for these samples. The non-uniform broadening of reflections in the PXRD patterns of zincsubstituted β bc -nickel hydroxide remain unchanged. Substitution of higher zinc content (>15 mol%) in the nickel hydroxide matrix, results in the changes in the peak shape of (h0ℓ ) reflections to a flaring of wings at the bottom and narrowing as it approaches peak maximum. Delmas and coworkers have extensively studied the electrochemical performance of zinc-substituted nickel hydroxide by varying the experimental conditions during precipitation [34] . They relate this type of peak shape to the presence of stacking faults. We classify it to the 2H 2 type of stacking faults for zinc-substituted β bc -nickel hydroxide. Figure 2c , i, ii, and iii, shows the cycle life data of 15, 17, and 18 mol% zinc-substituted β bc -nickel hydroxide samples. The chemical composition of all the samples was different from that of the expected due to the presence of lower nickel content in the samples. The reversible discharge capacity decreases from 0.9e/Ni in β bc -nickel hydroxide to 0.65-0.55e/Ni in zincsubstituted β bc -nickel hydroxide. Table 1 . Figure 5 shows the PXRD patterns of calcium-substituted nickel hydroxide with x=0.01, 0.03, and 0.06 (expected 5, 10, and 15 mol% Ca), respectively. Chemical analysis shows that calcium does not get incorporated within the nickel hydroxide matrix due to its larger size. Tables 3 and 4 give the crystallite size and the FWHM values of calcium-substituted β bc -nickel hydroxide sample. The PXRD patterns of all the samples are nonuniformly broadened and have similar crystallite size. Table 1 . Figure 6 shows the PXRD patterns of cadmium-substituted β bc -nickel hydroxide with x=0.06 and 0.1 (expected 0.05 and 0.10 mol% Cd), respectively. At x=0.1, CdO phase is also observed in the PXRD pattern due to the phase segregation. The ionic radii of the cadmium ion are bigger than the size of the octahedral vacant site; hence, biphasic mixture was observed in cadmium-substituted β bc -nickel hydroxide samples. Table 4 provides the FWHM of x=0.06 composition. The PXRD patterns show that substitution of cadmium in β bc -nickel hydroxide matrix does not significantly influence the characteristic feature of non-uniform broadening. Figure 2e shows the cycle life data of cadmium-substituted β bc -nickel hydroxide, which exchanges 0.7e/Ni. Figure 7 shows the variation of half discharge potentials as a function of 'x' for substituted β bc -nickel hydroxide electrodes and unsubstituted β bc -nickel hydroxide. Substi- tution of other divalent metal ions affects the oxygen evolution potential without affecting the electrochemical performance. Similar results were also reported in the literature [35, 36] .
Cobalt/zinc/cadmium-substituted crystalline β-nickel hydroxide Figure 8 shows the PXRD patterns of 5 mol% cobalt, 17 mol% zinc, and 5 mol% cadmium (expected 5 mol% cobalt, 10 mol% zinc, and 5 mol% cadmium)-substituted β-nickel hydroxides obtained on hydrothermal treatment at 170°C for 18 h separately. The PXRD patterns in Fig. 8 were compared with that of crystalline β-nickel hydroxide (see Fig. 1b ). The broadening of reflections in the PXRD pattern of substituted crystalline β-nickel hydroxide and the crystallite sizes are similar to that of crystalline β-nickel hydroxide. If the substituents play a crucial role in influencing electrochemical activity, then it should significantly affect the electrochemical performance of a substituted crystalline β-nickel hydroxide with larger crystallite size. In Fig. 2f , i, is shown the cycle life data of 5 mol% cobalt-substituted β-nickel hydroxide. The cobalt-substituted β-nickel hydroxide exchanges 0.4e/Ni, and the value is similar to the values of crystalline β-nickel hydroxide. Zinc-substituted β-nickel hydroxide electrode failed to deliver electrochemical activity, while cadmium-substituted β-nickel hydroxide shows very weak additional reflections in the PXRD pattern due to the formation of CdO impurities.
Deabate and coworkers also show that the presence of substituents can inhibit the diffusion of protons [36] . Substitution of other divalent metal ions in nickel hydroxide matrix will only affect the charge-discharge plateau potential and oxygen evolution potential. Smaller crystallite size with structural disorder is the critical determinant for better electrochemical activity.
Conclusions
The electrochemical charge-discharge process in nickel hydroxide involves intercalation and deintercalation of protons within the layers. Several factors can affect the diffusion of protons in nickel hydroxide. In this article, we have focused on the structural aspects of the substituted nickel hydroxide samples and its influence of electrochemical behaviour. The electrochemical activity is better in β bcnickel hydroxide having structural disorder with smaller crystallite size. The divalent metal-substituted β bc -nickel hydroxide samples with structural disorder and smaller crystallite size perform lower than the unsubstituted β bcnickel hydroxide. Substitution in crystalline β-nickel hydroxide with larger crystallite size does not enhance the electrochemical performance. The presence of structural disorder with smaller crystallite size provides a good pathway for electrochemical activity and is the key determining factor for high electrochemical performance and not due to the presence of substituents. Thus, β bcnickel hydroxide is an ideal choice as electrode material at ambient conditions (25-30°C).
